Abstract: Embryos of the giant freshwater prawn, Macrobrachium rosenbergii, were treated with 1, 10 or 50 µg ml −1 all-trans retinoic acid (AtRA) for 2 days. Survival and hatching rates were not affected. However, an increase in the number of primordial germ cells (PGCs), progenitors of gametes, and a slightly more advanced stage of the gonads were found in those treated with 10 or 50 µg ml −1 AtRA. Newly hatched larvae were treated with 0.1, 0.5 or 1 µg ml −1 AtRA for 2 days. Survival rates were lower in those treated with 0.5 or 1 µg ml −1 AtRA; nevertheless, the gonads were slightly more developed. The results indicated that AtRA, an active metabolite of vitamin A, affected germ cell and gonad development of embryos and the larvae of giant freshwater prawn.
Introduction
Major forms of compounds related to vitamin A in animal tissues are retinol, retinyl esters and retinoic acid. Retinoic acid is produced from retinol via retinal. Alltrans retinoic acid (AtRA) has been shown to regulate a wide variety of biological functions including proliferation and differentiation of a variety of cell types; it is more potent than vitamin A on reproductive function. AtRA is essential for the maintenance of normal growth and reproduction in vertebrates (Fu et al., 2000) ; it stimulates the development of reproductive organs and of egg production (Furuita et al., 2001; Van Pelt et al., 1990) . Moreover, AtRA plays an important role in embryo development (Costaridis et al., 1996) ; it stimulates growth, proliferation and differentiation of the mouse and rat primordial germ cells (PGCs), progenitors of gametes, cultured in vitro (Koshimizu et al., 1995; Boulogne et al., 2003) . It also regulates germ cells entering meiosis in the fetal rat ovary and testis cultured in vitro (Livera et al., 2000a, b) .
There have been few studies on the effect of AtRA in crustaceans. Its endogenous occurrence has been detected in limb tissues of the fiddler crab, Uca pugilator Bosc, 1802 (Hopkins, 2001) and it has been shown to be involved in regulation of limb regeneration (Hopkins & Durica, 1995) , ovarian development (Durica et al., 2002) and glucose level in the fiddler crab (Zou & Bonvillain, 2003) . The actions of AtRA are mediated by nuclear receptors. Receptors similar to vertebrate retinoid receptors have also been detected in reproductive tissues of the fiddler crab (Durica et al., 2002; Gu et al., 2002) . The aim of the present study was to investigate the effect of AtRA on growth, survival and development including germ cell and gonad development in embryos and larvae of the giant freshwater prawn, Macrobrachium rosenbergii de Man, 1879.
Material and methods
Mature giant freshwater prawns were allowed to mate and spawn under laboratory conditions. Spawning usually occurred at night; the embryos were thus timed 0.5 day old the following day. A stock solution of 10 mg ml −1 AtRA (Sigma Chemical Co., MO) in 100% dimethyl sulfoxide (DMSO) was prepared.
To study the effects of AtRA on embryos, the stock AtRA solution was diluted to various concentrations with 15% (v/v) artificial seawater (ASW) and an in vitro culture method for prawn embryos was applied (DAMRONGPHOL et al., 1990 (DAMRONGPHOL et al., , 2001 . The embryos were cultured in 15% ASW at room temperature with continuous aeration under constant agitation; degenerated embryos were removed and fresh 15% ASW was replaced every 2-3 days. In each experiment, embryos were obtained from a single female. Embryos within 622 N. Pakdeenarong & P. Damrongphol one day were removed after spawning (0.5 day old embryos) from the abdomen of the brooding female and divided into five groups (approximately 300 embryos per group); each group was placed in an 100-ml evaporating dish containing approximately 30 ml of 0.5% DMSO (DMSO-control), 0, 1, 10 or 50 µg ml −1 AtRA. Based on preliminary test, the embryos were treated at room temperature for 2 days before being transferred to fresh 15% ASW and cultured to hatching. Survival rates of embryos were determined periodically at 0.5, 5.5, 12.5 and 18.5 days after spawning, by scoring the number of surviving embryos over the total number of embryos. Hatching rates were determined by scoring the number of hatched larvae over the total number of surviving embryos and larvae at 18.5 days after spawning. The number of PGCs was determined from 5.5-day-old embryos as described by DAMRONGPHOL et al. (2000) . Ten embryos from each treatment were randomly collected. Each embryo was placed on a glass slide and the envelope was gently teased open with a pair of fine needles before covering with a cover slip. The PGCs were identified under a phasecontrast microscope and the number of PGCs per embryo was determined.
To study the effects of AtRA on larvae, the stock AtRA solution was diluted to various concentrations with 12 parts per thousand (ppt) commercial seawater (CSW, Mariscience, Thailand). For each experiment, larvae were obtained from a single brooder. The brooder at 17.5 days after spawning, just prior to hatching, was transferred to a fiberglass tank containing 12 ppt CSW. Newly hatched larvae were collected, divided into five groups (approximately 200 larvae per group) and subjected to treatment for 2 days before being transferred to fresh 12 ppt CSW. Each group was reared in a 5-L plastic bowl containing 3 l of 0.01% DMSO (DMSO-control), 0, 0.1, 0.5 or 1 µg ml −1 AtRA. The larvae were reared to 20 days post-hatch. Approximatelya of CSW was carefully replaced daily with fresh CSW. Water parameters were monitored; pH varied between 8.0-9.0 and ammonia varied between 0.0-0.1 mg L −1 . Survival rates of larvae were determined periodically at 0, 5, 10, 15, and 20 days after hatching, by scoring the number of live larvae over the total number of larvae.
For histological studies, 18.5 day old embryos and larvae at 10 and 20 days post-hatch were sampled and fixed in Bouin's fixative at room temperature for 24 h. The samples were then dehydrated in a graded series of ethanol and embedded in paraplast. Sections were cut at 5-7 µm thick and stained with hematoxylin/eosin. The sections were examined under a bright-field microscope (Olympus BX 51) and the images were captured (Olympus DP 50 digital camera).
Data are presented as means ± SE and were analyzed using one-way analysis of variance (ANOVA) followed by Scheffe's F test to separate means. Differences at P < 0.05 were considered as significant.
Results
Survival rates of the embryos gradually declined during the course of development (Fig. 1A) ; there were no significant differences in the survival rates between the controls and the treated groups for each developmental period. Moreover, no significant differences in the hatching rates were found (Fig. 1B) . The numbers of PGCs at 5.5 days after spawning in embryos treated with 10 or 50 µg ml −1 AtRA were significantly higher than those of the controls (P < 0.05, Fig. 1C ). Similarly, survival rates of larvae gradually declined during the course of development (Fig. 2) . Within 5 days after hatching, no significant differences in the survival rates between the controls and the treated groups were found. But after 5 days post-hatch, survival rates were significantly lower (P < 0.05) in larvae treated with 0.5 and 1 µg ml −1 AtRA (Fig. 2) . Upon microscopic observation, the PGCs of early stage embryos, 5.5 day old, could easily be distinguished (Damrongphol et al., 2000) . The cells were remarkably large and spherical in shape, each containing a large nucleus with conspicuous nucleoli (Fig. 3A) . A large cluster of PGCs in 5.5 day old embryos was observed (Fig. 3B ). Histological study of 5.5 day old embryos revealed that the PGCs were large, lightly stained with hematoxylin/eosin and were located in the lower layers of the embryonic cells (Fig. 3C ). Prior to hatching, approximately 18.5 days after spawning, all larval structures were well developed (Fig. 3D) . The eyes were large; the heart was located on the dorsal side of the thorax above the hepatopancreas; the tail muscle extended posteriorly; and the PGCs were scattered at the posterior region of the yolk (Fig. 3D) . But the PGCs of embryos treated with 10 µg ml −1 AtRA had started to be incorporated into the developing gonads, forming a row of PGCs at the posterior region of the yolk.
Histological observation indicated that the gonads of the control larvae were gradually formed with gradual colonization of the PGCs into the gonads after hatching. The small elongate gonads were found by 20 days post-hatch ( (Fig. 3E) , whereas, the gonads of the 0.5 and 1 µg ml −1 AtRA-treated larvae could be seen at the anterior-ventral regions of the heart by 10 days post-hatch (Fig. 3F ) with a size comparable to those in the 20 days post-hatch controls. By 20 days post-hatch, the gonads of the 0.5 and 1 µg ml −1 AtRA-treated larvae were larger than those in the controls of the same day; a large number of the PGCs were incorporated into the gonads forming rows of PGCs surrounded by a membrane (Fig. 3G) .
Discussion
AtRA is often added into culture media to induce cell proliferation and differentiation (Dupin & Douarin, 1995) . It also induces an increase in germ cell number both in vivo and in vitro in mice and rats (Koshimizu et al., 1995; Morris-Kay, 1999; Livera et al., 2000a Livera et al., , b, 2001 Boulogne et al., 2003) ; the increase is caused by an increase in the mitogenic activity and an improve in the survival. The mitogenic effect on germ cells is evident in the fetal mouse ovary, and rat germ and Sertoli cells in the testis (Koshimizu et al., 1995; Morita & Tilly, 1999; Boulogne et al., 2003) . AtRA activates D-type cyclin which plays an important role in cell division and thus in turn increases germ cell proliferation (Beumer et al., 2000) . The present study indicated that AtRA affected germ cell development of embryos and gonad formation of larvae of the giant freshwater prawn. The effects of AtRA were concentration-and time-dependent; preliminary work indicated that high concentration or prolonged treatment was detrimental to both embryos and larvae. A two days treatment was thus undertaken in the present study. The number of PGCs in the embryos was stimulated by 10 µg ml
−1
AtRA without any effect on survival and hatching. The mechanism of increase is not known, but the mitogenic activity of AtRA seemed to play a role in such acceleration. Gonad development in larvae was apparently stimulated by 0.5 and 1 µg ml −1 AtRA; however, survival rates were lower than those of the controls.
Gonad formation of the giant freshwater prawn apparently begins after hatching. During the course of embryonic development, the PGCs migrate from their origin to the gonads; they migrate as individuals, each arriving in turn at the gonadal ridge, and then being incorporated into the gonads (Gompert et al., 1994) . A group of scattered PGCs was found in the posterior region of the yolk of 18.5 day old prawn embryos; these dispersed PGCs, observed just prior to hatching, seemed to be migrating PGCs arriving at the site of the developing gonads. The 10 µg ml −1 AtRA treatment enhanced incorporation of PGCs into the gonads thus a row of PGCs was found in the gonads at 18.5 days after spawning. The mitogenic activity of AtRA plays a less important role during gonad formation of larvae because proliferation of PGCs declines after they arrive at the gonads (Raz, 2004) .
The effects of AtRA were also stage-specific; prawn larvae were more sensitive to AtRA treatment than were embryos. High concentrations which did not affect embryo survival were detrimental to the larvae. The effective concentrations inducing germ cell devel- opment in the embryos were more than tenfold higher than that promoting gonad development of the larvae. These differences may be attributed to the differences in age and/or the structures. Multiple effects of retinoic acid in cells of the seminiferous cords of rat testis cultured in vitro has been reported. Proliferation of Sertoli and germ cells was induced in neonate rat while negative results were obtained in fetal rat (Livera et al., 2000b) . Furthermore, the swimming larvae were freely exposed to the external environment; AtRA could dif-fuse readily into the larvae while the embryos were enclosed within the embryonic envelope thus reducing the availability of AtRA to the embryos.
The mechanism underlying the stimulating effect of AtRA on germ cell and gonad development is not clearly known. It is widely accepted that AtRA is a signaling molecule acting via the nuclear receptors to affect gene expression. The cellular retinoic acid binding protein (CRABP) plays a role in intracellular transport of retinoic acid into the nucleus. Nuclear receptors for retinol have been reported in crustaceans (Durica et al., 2002; Liñán-Cabello et al., 2002) and the CRABP has been detected in the shrimp testis and ovary where it functions in growth and development of the gonad (Gu et al., 2002) . AtRA possibly stimulates germ cell and gonad development of the prawn embryo and larvae by acting on the nuclear receptors via the CRABP. CRABP-I could degrade excess retinoic acid in the cytoplasm. In addition, the metabolites of AtRA modulate the activation of different genes that transcribe growth factors participating in embryonic development. Attaining a proper concentration of retinoic acid is important in activating different genes involved in the transcription of growth factors involved in development (Liñán-Cabello et al., 2002) .
